De novo zinc single-wavelength anomalous dispersion (Zn-SAD) phasing has been demonstrated with the 1.9 Å resolution data of glucose isomerase and 2.6 Å resolution data of Staphylococcus aureus Fur (SaFur) collected using in-house Cu Kα X-ray source. The successful in-house Zn-SAD phasing of glucose isomerase, based on the anomalous signals of both zinc ions introduced to crystals by soaking and native sulfur atoms, drove us to determine the structure of SaFur, a zinc-containing transcription factor, by Zn-SAD phasing using in-house X-ray source. The abundance of zinc-containing proteins in nature, the easy zinc derivatization of the protein surface, no need of synchrotron access, and the successful experimental phasing with the modest 2.6 Å resolution SAD data indicate that inhouse Zn-SAD phasing can be widely applicable to structure determination.
INTRODUCTION
Multi-or single-wavelength anomalous dispersion (MAD or SAD) methods are most commonly used for de novo phasing to solve protein structures with no proper homologous models. MAD is superior to SAD in that it allows the direct calculation of phase angles and has no phase-ambiguity issue (Hendrickson, 1991) . Nevertheless, together with better data-collection facilities, cryogenic techniques, powerful programs for data processsing, phasing, density modification (Wang, 1985) and automatic model building, SAD gets wide popularity due to its simplicity, fast data collection, and low radiation damage (Dauter et al., 2002) .
SAD phasing has been reported at remote wavelengths above the absorption edge (Leonard et al., 2005) and even at Cu Kα edge of in-house X-ray sources (Dauter et al., 2002; Debreczeni et al., 2003a; 2003b; 2003c; Evans and Bricogne, 2003; Roeser et al., 2005; Sarma and Karplus, 2006; Stevenson et al., 2004; Vennila and Velmurugan, 2011; Yogavel et al., 2007; 2009; 2010a; 2010b) . The successful in-house SAD phasing opens new avenue of experimental phasing with in-house X-ray sources.
The presence of anomalous scatterers in protein crystals is prerequisite for SAD phasing. The most frequently used anomalous scatterers are introduced by recombinant DNA methods, as in selenomethionine (SeMet) substitution (Hendrickson et al., 1990) or by heavy-atom derivatization (e.g. Hg, Pt, lanthanides and actinides) (Blundell and Johnson, 1976; Boggon and Shapiro, 2000; Islam et al., 1998; Petsko, 1985; Rould, 1997) . And metal ions inherently contained in metalloproteins (e.g. Zn, Fe or Cu) can also be used as anomalous scatterers. After the structure of crambin was solved by pioneering sulfur SAD (S-SAD) (Hendrickson and Teeter, 1981) , native SAD has been explored to solve protein structures using lighter atoms such as sulfur from methionine or cysteine (Chayen et al., 2000; Debreczeni et al., 2003a; Mueller-Dieckmann et al., 2004; 2005; 2007; Olczak et al., 2003; Ramagopal et al., 2003a; Weiss et al., 2001) , P atom in phosphate (Dauter and Adamiak, 2001), Cl atom from buffer (Dauter et al., 1999) as anomalous scatterers.
There are over 8 000 protein structures with zinc ions as ligands in the PDB, which shows that zinc ions are the most abundant metal ligand of proteins. Furthermore, about 5-10% of all proteins predicted from the genomes of all three domains of life are estimated to be zinc-containing proteins (Andreini et al., 2006) . We have recently reported that multiple zinc ions can easily be charged onto the surface of proteins by using zinccontaining solutions and these surface-bound zinc ions are highly effective to determine protein structures by MAD/SAD phasing (Cha et al., 2012) . The successful in-house S-SAD phasing cases (Debreczeni et al., 2003a; 2003b; 2003c; Lemke et al., 2002; Olsen et al., 2004; Pal et al., 2008; Sarma and Karplus, 2006; Yang and Pflugrath, 2001; Yogavel et al., 2010b) , along with the fact that zinc has higher anomalous signal (f" = 0.68 e -) than sulfur (f" = 0.56 e -) at Cu Kα edge, encouraged us to investigate the possibility of Zn-SAD phasing using in-house X-ray source. Here, we report two successful Zn-SAD phasing cases with the 1.9 Å resolution data of glucose isomerase (as a test case) and the 2.6 Å resolution data of SaFur (as a real case) both of which were collected using a MicroMax-007 HF rotating-anode X-ray generator.
MATERIALS AND METHODS

Protein preparation and crystallization
Glucose isomerase Glucose isomerase was purchased from Hampton Research (Lot No. 022004). According to the manufacturer's specifications, glucose isomerase was extensively dialyzed against 20 mM Tris-HCl pH 7.5 and subsequently diluted to a final concentration of 33 mg ml -1 . Crystals were obtained by the hangingdrop vapour-diffusion method at 295 K using a precipitant solution consisting of 0.2 M magnesium acetate, 0.1 M MES pH 6.5, 20% 2-methyl-2,4-pentanediol (MPD). Prior to the diffraction experiment, the crystals were soaked in same precipitant solution with 50 mM zinc acetate for 30 min -2 h to introduce zinc ions into the protein surface.
SaFur
The fur gene (GenBank accession no. 15221618) was amplified by polymerase chain reaction using S. aureus genomic DNA as template. The gene was inserted downstream of the T7 promoter of the expression plasmid pET-11a(+) vector (Novagen, USA) and the resulting construct expressed residues 1-149 of the SaFur protein. After verifying the DNA sequence, plasmid DNA was transformed into Escherichia coli strain BL21 (DE3) pLysS (Promega Corp., USA). The cells were grown to OD 600 of approximately 0.5 in Luria-Bertani medium (Merck) containing 50 μg ml -1 Ampicillin at 310 K and expression was induced by 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG, Duchefa). After 4 h of induction at 310 K, the cells were harvested and resuspended in 20 mM Tris-HCl pH 8.0 containing 5% glycerol and 10 mM EDTA. The cells were disrupted by sonication and the cell debris was discarded by centrifugation at 20,000 × g for 30 min at 277 K. The resulting supernatant was loaded onto a 20 ml Heparin Sepharose™ column (GE Healthcare). The column was washed with a washing buffer consisting of 20 mM Tris-HCl pH 8.0, 5% glycerol, 10 mM EDTA and 50 mM NaCl. SaFur was eluted with the same buffer containing 300 mM NaCl. The partially purified protein fraction by Heparin Sepharose column was dialysed into washing buffer and loaded onto a column packed with 20 ml Q-Sepharose resin (GE Healthcare). This column was then washed with a gradient to 20 mM Tris-HCl pH 8.0, 5% glycerol, 10 mM EDTA and 1 M NaCl. The eluted fraction containing SaFur was concentrated and subsequently loaded onto a Superdex 75 HR 16/60 column (GE Healthcare), which was pre-equilibrated with a washing buffer. The SaFur protein was eluted at ~45 min with a flow rate of 1.5 ml min -1 . The purified SaFur was concentrated to approximately 15 mg ml -1 for crystallization. Crystals were grown at 295 K using the microbatch crystallization method. Small drops composed of 1 μl protein solution and an equal volume of a precipitant solution consisting of 30% (v/v) 1,2propanediol, 0.1 M HEPES pH 7.5, 20% (v/v) PEG 400 were pipetted under a layer of a 1:1 mixture of silicon oil and paraffin oil in 72-well HLA plates (Nunc).
Data collection A 1.9 Å resolution SAD data set for glucose isomerase and a 2.6 Å resolution SAD data set for SaFur were collected at wavelength of 1.54178 Å using a MicroMax-007 HF rotatinganode X-ray generator and an R-AXIS IV ++ imaging-plate area detector (Rigaku, Japan) at the Korea Basic Science Institute, Republic of Korea. A total 720 frames of 1° oscillation were collected with the crystal-to-detector distance set to 150 mm in the case of glucose isomerase (Table 1 ) and a total 720 frames of 1° oscillation were collected with the crystal-to-detector distance set to 170 mm in the case of SaFur (Table 2) .
Data processing and phasing Diffraction data were processed and scaled using DENZO and SCALEPACK from the HKL2000 program suite (Otwinowski and Minor, 1997 Terwilliger, 2002) for density modification and model-building. The autobuilt models from the phasing programs were completed using COOT (Emsley et al., 2010) and refinement was performed with a maximum-likelihood algorithm implemented in CNS (Brunger et al., 1998 ) or REFMAC5 (Murshudov et al., 2011 .
RESULTS AND DISCUSSION
A test case: structure determination of glucose isomerase using in-house Zn-SAD Glucose isomerase is a highly suitable protein for testing different phasing methods based on the anomalous scattering of various metals because of the possibility of substituting its natural metal cofactors, Mn 2+ or Mg 2+ , with several other divalent metal ions (Ramagopal et al., 2003b) . Thus, we selected glucose isomerase as a test protein to examine whether anomalous signal from zinc ions introduced by soaking can be used for in-house experimental phasing. A 1.9 Å resolution SAD data set (Table 1) was collected from a crystal that was cooled in a cryostream at 100 K after briefly being immersed in a cryoprotectant solution consisting of 20% MPD, 0.1 M MES pH 6.5, 0.2 M magnesium acetate and 50 mM zinc acetate dehydrate. The crystal of glucose isomerase belonged to the orthorhombic space group I222, with unit-cell parameters a = 92.927, b = 98.867, c = 102.638 Å. There was one molecule in the asymmetric unit, giving a Matthews coefficient (V M ) of 2.73 Å 3 Da -1 and a calculated solvent content of 54.92 % (Matthews, 1968) .
Anomalous signals, which were evaluated by <d"/sig>, a good indicator of the strength of the anomalous signal, were over the threshold (0.80) (Sheldrick, 2010) to the highest resolution shell (Fig. 1A) . The AutoSol program was used to find anomalous zinc substructures and produced a phase set with a figure of merit (FOM) before and after density modification of 0.42 and 0.90, respectively. The experimental electron-density map was clearly interpretable and a model with R work /R free of 0.1878/ 0.2084 was automatically built. The initial model was manually remodeled producing a final model with R work /R free of 0.1409/ 0.1625.
In fact, among the twelve heavy atom sites found by HySS, eight sites turned out to be the ordered sulfur positions from methionines or cysteines. Although the location of the relatively strong anomalous scatterers, zinc atoms (f" = 0.68), may facilitate the finding of sulfur atoms (f" = 0.56), the data evidently contained a meaningful anomalous scattering contribution originating from sulfur. This result is in accordance with the previous study that the location of Mn atoms facilitates the finding of sulfur atoms and the anomalous scattering of sulfur atoms contributes to SAD phasing (Ramagopal et al., 2003b) .
Among four zinc ions finally modeled, two ions (Zn1 and Zn2) were located in the intrinsic metal binding sites and the other
